Domestic goats (Capra hircus) are spread across the five continents with a census of 1 billion individuals. The worldwide population of goats descends from a limited number of bezoars (Capra aegagrus) domesticated 10 000 YBP (years before the present) in the Fertile Crescent. The extraordinary adaptability and hardiness of goats favoured their rapid spread over the Old World, reaching the Iberian Peninsula and Southern Africa 7000 YBP and 2000 YBP respectively. Molecular studies have revealed one major mitochondrial haplogroup A and five less frequent haplogroups B, C, D, F and G. Moreover, the analysis of autosomal and Ychromosome markers has evidenced an appreciable geographic differentiation. The implementation of new molecular technologies, such as whole-genome sequencing and genome-wide genotyping, allows for the exploration of caprine diversity at an unprecedented scale, thus providing new insights into the evolutionary history of goats. In spite of a number of pitfalls, the characterization of the functional elements of the goat genome is expected to play a key role in understanding the genetic determination of economically relevant traits. Genomic selection and genome editing also hold great potential, particularly for improving traits that cannot be modified easily by traditional selection.
Introduction
Goats have successfully adapted to desert, mountainous and tropical areas where other livestock species would not thrive. Genetic diversity of multiple goat breeds has been characterized with microsatellites, but we do not know much about the genetic architecture of traits of economic importance, and the number of causative genes identified so far is lower than for cattle and sheep. The sequencing of the goat genome and the development of molecular tools now catalyses a high-throughput characterization of caprine genetic variation. Here, we aim to provide a general perspective of the domestication, history, economic importance and breeding of goats while emphasizing the present and future role of advanced molecular and genomic technologies on goat production.
Wild ancestor and time and place of domestication of goats
Ancestors of domestic goats are bezoars with possibly minor contributions from other wild goat species
The genus Capra encompasses domestic goats (Capra hircus) and nine wild goat species distributed in scattered locations of Eurasia and North Africa (Fig. 1) . Although most ancient remains of Capra have been found in the middle Pleistocene of Europe, the most accepted view is that this genus emerged in Asia during the Pliocene (Ropiquet & Hassanin 2006) . Phylogenies of wild and domestic goat species based on mitochondrial, Y-chromosome or nuclear markers are incongruous. Trees of Y-chromosomal AMELY and ZFY sequences group domestic goat together with bezoar (Capra aegagrus) and markhor (Capra falconeri) in a single clade and the ibex species and other wild goats in a second clade. In contrast, mitochondrial DNA (mtDNA) phylogenies are not monophyletic (Pidancier et al. 2006) . Ropiquet & Hassanin (2006) concluded that interspecific hybridization, rather than paralogy or lineage sorting, explains discrepancies of nuclear and mtDNA phylogenies. They proposed that the mtDNA genome of proto-Hemitragus was introgressed into the common ancestor of wild goats during the Pliocene, approximately 2-6 million YBP, which might have conferred adaptation to high altitudes (Ropiquet & Hassanin 2006) . For short mtDNA fragments, phylogenies may be confounded by off-target amplification of nuclear mtDNA copies (Ajmone-Marsan et al. 2014) . However, phylogenies of complete mitochondrial genomes support a more general occurrence of hybridization of Bovidae species (Hassanin et al. 2012; Bibi 2013 ). The analysis of major histocompatibility complex (MHC) genes in the Spanish (Capra pyrenaica) and Alpine (Capra ibex) ibex has also provided evidence that both species have been introgressed with domestic goats (Alasaad et al. 2012; Grossen et al. 2014) . We expect that whole-genome sequencing of wild goat species will provide additional clues about the occurrence of past interspecific hybridization events.
Archaeological evidence of goat domestication in the Fertile Crescent
There is compelling evidence that bezoars are the wild ancestors of goats and that they were domesticated in the Fertile Crescent 10 000 YBP Naderi et al. 2008 ; reviewed in Luikart et al. 2006) . In general, domestication should be viewed as a cumulative and gradual evolutionary process that only in the long term leads to the establishment of a new phenotype adapted to captivity and human needs.
In this sense, goat domestication likely followed a prey pathway, i.e. goats were initially hunted, but at later stages they were directly managed by humans to ensure prey availability (Zeder 2012; Larson & Burger 2013) . Domestication of goats is often inferred on the basis of a population-wide reduction in body size and biases in age and sex proportions associated with the breeding process . The analysis of archaeological remains at Ganj Dareh (Zagros Mountains, Iran) indicated a general decrease in body size in domestic vs. wild goats, suggesting that this was one of the places where goat domestication initially emerged (Hesse 1982) . However, argued that these results were due to the exclusion of the unfused bones of young individuals from metric analysis, which is common practice amongst archaeologists. Though body size can be misleading for the detection of early domestication events, the high abundance of unfused bones of large individuals in the assemblage of Ganj Dareh are clearly consistent with the ancient breeding practice of killing males at an earlier age than females . Similar sex-specific age profiles have been observed in the assemblage of Ali Kosh (Zagros Mountains, Iran), thus pointing out the Zagros Mountains as one of the earliest (10 000 YBP) goat domestication sites.
Genetic evidence of goat domestication in the Fertile Crescent
Worldwide surveys of caprine mitochondrial diversity (Luikart et al. 2001; Naderi et al. 2007 ) have demonstrated the existence of six divergent and highly diverse Figure 1 Geographic distribution of nine wild goat species based on the information reported by Shackleton (1997) . The status and range of wild goats, which is shown between parentheses below, have been retrieved from the IUCN Red List of Threatened Species (http://www.iucnredlist.org). Capra pyrenaica (not endangered, native from Spain and reintroduced in Portugal); Capra ibex (not endangered, distributed in the Alps of France, Switzerland, Austria, Germany, and northern Italy); Capra caucasica (endangered, Great Caucasus Mountains in Georgia and Russia), Capra cylindricornis (threatened, Great Caucasus along the borders of Russia, Georgia and Azerbaijan); Capra aegagrus (vulnerable, discontinuous range across Central Asia and the Caucasus region as far as southwestern Turkey); Capra sibirica (not endangered, distributed in China, and Central Asia); Capra falconeri (near threatened, Central and Southern Asia); Capra nubiana (vulnerable, Egypt, Ethiopia and Near East); and Capra walie (critically endangered, Ethiopia). This map is based on a figure stored at Wikiwand (https://www.wikiwand.com/sv/V%C3%A4stkaukasisk_stenbock). haplogroups A (harboured by 90% of goats), B, C, D, F and G (Fig. 2) . According to Nomura et al. (2013) , wild goats underwent a rapid population expansion in the Late Pleistocene, around 250 000 YBP, and population size remained fairly constant for a long time. This picture was subsequently refined by Colli et al. (2015) , who showed that middle Paleolithic populations of wild goats inhabiting south-western Eurasia suffered strong reductions during glacial periods (i.e. at 130 000-160 000 YBP and 12 000-71 000 YBP) and that a number of them managed to survive at Near East refugia. Domestication probably involved a limited number of these populations, which underwent a sustained demographic expansion approximately 10 000-12 000 YBP . A phylogeographic analysis of mitochondrial data from bezoars allowed for the tracing of the origin of the A lineage to Eastern Anatolia . Another independent domestication centre might be at the Southern Zagros/ Central Iranian Plateau but did not contribute significantly to the current goat gene pool ). The status of the Indus Valley, Southern Levant and China as additional primary centres of goat domestication has not been convincingly demonstrated yet .
Post-domestication dispersal of goats around the world and their roles in human society
Dispersal of goats from the main centre of domestication in the Fertile Crescent After domestication in the Fertile Crescent, goats spread through the Danubian and Mediterranean corridors into Europe. Farming communities were established in Greece and Bulgary (6500 YBP). Subsequently, farming spread northwards along the Danube as well as eastwards, eventually reaching Scandinavia and the British Isles 4000 YBP (Porter et al. 2016) . Cyprus might have been colonized as early as 9000-10 500 YBP by Neolithic settlers transporting the four main livestock species (cattle, pigs, goat and sheep) as well as game animals (Zeder 2008) . Later on, Neolithic colonists spread through the Mediterranean basin reaching Greece (8500-9000 YBP), Italy (7600-8100 YBP), the Iberian Peninsula (7300-7700 YBP) and Lybia and Algeria (7000 YBP). According to Zeder (2008) , this process of demic expansion did not take place at a constant pace but involved a limited number of scattered coastal enclaves. Indigenous populations probably adopted farming and agricultural skills from these newcomers and abandoned their hunter-gatherer lifestyle. Genetic signatures of these humanmediated migratory events, as a progressive decline of caprine diversity and a higher level of differentiation in the east-to-west axis, have been detected by analysing the autosomal microsatellite variation of European and Near Eastern goats (Cañ on et al. 2006) .
In Asia, there were two main corridors for the initial dispersal of goats. Near-eastern goat herders crossed the Khyber Pass, reached the Indian subcontinent and spread to south-eastern Asia through overland and/or maritime routes (Nozawa 1991; Porter et al. 2016) . In the Indian Ocean, the existence of an ancient trade linking Arabia, East Africa and Asia also provided a window of opportunity for the diffusion of crops and livestock (Fuller et al. 2011 ). The second corridor was the Eurasian Steppe belt connecting the Middle East with Mongolia and northern China (Nozawa 1991; (Amills et al. 2009 ). In contrast, the goats in Oceania were probably imported during the colonization of this continent by Great Britain in the 18 th century (Porter et al. 2016) .
Around 7000 YBP goat herders disseminated into North Africa either by crossing the Sinai Peninsula or by navigating the Mediterranean Sea. This coincided with the opening of a grassland niche in the Sahara, which was increasingly occupied by pastoral people, as attested by numerous rock paintings of domestic stocks (Smith 1992) . Climatic and environmental changes resulting in the desertification of the Sahara and the southward retreat of the Tsetse fly belt stimulated the migration of stock keepers to the Sahel, Upper White Nile and Kenya~4000 YBP (Smith 1992) . About 2000 YBP, agropastoralist iron-using peoples entered southern Africa and transferred to huntergatherer aborigins their herding and agricultural skills, starting the Khoikhoi pastoral culture (Smith 1992) .
Ancient selection for morphological traits created a wide repertoire of phenotypes in goats
The processes of goat domestication and dispersal involved changes in several morphological traits, such as horn and ear shapes, which were driven by intentional selection as well as by genetic drift, isolation and founder effects. Archaeological remains found in Anatolia, Kurdistan and Pakistan 9000 YBP and in Egypt 7000 YBP depict the existence of goats with straight, scimitar-shaped horns. In contrast, goats with twisted horns predominated during the Bronze Age in Egypt and western Asia (Nozawa 1991; Porter et al. 2016) . Goats with long lop ears were also selectively bred in ancient Egypt. Polled individuals appear in Egyptian pictorial representations dated 5000 YBP or later (Nozawa 1991; Porter et al. 2016 ) and were fairly common in the Roman period (Clutton-Brock 1999) . Besides the form of horns and ears, other phenotypes, such as the presence of wattles, long hair and, foremost, an extraordinarily diverse repertoire of coat colours, were developed during and after domestication.
Current census of goat breeds and their economic impact on milk, meat and fibre production
The post-domestication dispersal of goats was followed by a population expansion, most notably in Asia and Africa.
These continents nowadays contain 58.2% and 36.2% respectively of the 1 billion goats worldwide with much smaller populations in Europe (1.7%), America (3.5%) and Oceania (0.4%) (FAOSTAT, http://www.fao.org/faostat). China (187.8 million heads), India (133 million heads), Nigeria (71 million heads), Pakistan (66.6 million heads) and Bangladesh (55.9 million heads) are the top five goat producers. Throughout the ages, goats have been raised for milk production (18.24 million tons produced in 2013 worldwide), cheese (0.46 million tons), meat (5.47 million tons) and skin and fibre commodities (1.26 million tons) such as leather, mohair wool and cashmere hair (FAO-STAT, http://www.fao.org/faostat, Fig. 3 (Lenstra 2015) . Because of their hardiness and excellent adaptability to harsh environments, goats are mostly bred in tropical and subtropical areas of the world under an extensive regime of pasture and are often an important means of subsistence for smallholders (Dubeuf & Boyazoglu 2009 ). Currently, Asia yields as much as 56%, 68% and 75% of the fresh milk, meat and skin/fibre manufactures respectively generated in the world, with Africa the second largest producer (FAOSTAT, http://www.fao. org/faostat; Fig. 3 ). However, the sustained growth of the world goat population during the last 50 years (from 368 million heads in 1964 to 1006 million heads in 2014) has not involved a general improvement of the production and reproduction techniques associated with their management (Dubeuf & Boyazoglu 2009 ). Indeed, well-organized selection programmes are restricted to a few dairy breeds from Europe, North America and Australia (Dubeuf & Boyazoglu 2009 ).
Despite its low caprine census, Europe produces 17.5% and 42.5% of the goat milk and cheese respectively consumed around the world (http://www.fao.org/faostat, Fig. 3 ), reflecting the benefits of raising highly selected dairy breeds such as the Saanen, Alpine and Toggenburg under semi-intensive or intensive conditions. For instance, the breeding programmes for French Alpine and Saanen goats implemented by France G en etique Elevage (282 516 milk recording goats) have resulted in an annual increase of 12 kg of milk per lactation and 0.1 g/kg milk of nitrogen and fat contents (http://en.france-genetique-elevage.org). The main traits under selection are milk production, protein and fat contents, somatic cell count and udder morphology. In Spain, programmes of genetic improvement for dairy breeds, such as Murciano-Granadina, Payoya, Malagueña and Florida, have been established (Serradilla 2008) . This contrasts greatly with the situation in developing countries, where phenotype recording and identification systems are rarely available and breeding bucks are not chosen on the basis of objective criteria (e.g. BLUP evaluations of their genetic potential). Moreover, the implementation of breeding programmes in these countries has not been focused sufficiently on educating goat keepers in crucial matters such as reliable data collection and sound breeding practices. More in general, the development of the goat dairy industry depends on the adoption of nationwide policies aimed at recording phenotypes and evaluating bucks as well as on the implementation of marketing strategies favouring the transnational commerce of goat products (Aziz 2010) .
Genetic constitution and relevant phenotypes of goat breeds

Classification and geographic distribution of goat breeds
Though the number of goat breeds has been proposed to be around 500-600 (Taberlet et al. 2008; Porter et al. 2016) , it is difficult to establish a reliable figure because several local populations are not managed via phenotypic standardization, herd book registration and controlled reproduction. For instance, the several autochtonous South American 'criolla' or 'creole' populations might be represented by individuals from different origins and genetic backgrounds. Mason (1991) established a general classification of the most important goat breeds based on phenotypic criteria such as ear and horn type (Table 1) . Baumung & Wieczorek (2015) mentioned a number of 576 goat breeds, of which 96, 183 and 218 originate from Africa, Asia and Europe respectively. Moreover, 86 goat breeds have spread beyond their countries of origin and are considered cosmopolitan or transboundary breeds. With regard to breed risk status, 19 goat breeds have become extinct and 90 are critically endangered or just endangered, whereas 157 are not at risk. However, for the remaining caprine breeds no data are available, indicating the lack of proper management and conservation strategies. Population decline of local goat breeds is mostly due to their replacement or uncontrolled crossbreeding with more productive foreign varieties, the progressive abandonment of low income rural activities and the lack of genetic conservation programmes (Taberlet et al. 2011) .
Breeds show strong differences in their physiological capacity of adaptation to extreme conditions of temperature and humidity. For instance, after being kept in tropical and subtropical areas for thousands of years, Sirohi and Jamunapari goats have developed high heat tolerance (Gall 1991) . On the other hand, shorn Angora goats seem to be more susceptible to cold temperatures than their shorn Boer counterparts (Gall 1991) . Goat breeds also differ in feed efficiency and behaviour (Gall 1991) . With regard to infectious and parasitic diseases, Saanen goats might be less susceptible to Haemonchus contortus infestation than the Small East African and Galla breeds (Gall 1991) . In contrast, these two latter breeds are more tolerant to trypanosomiasis (Gall 1991) , probably because their Figure 3 Worldwide production of milk, cheese, meat and skin during 1993-2013 (source: FAOSTAT, http://www.fao.org/faostat). It can be observed that Asia is the main producer of goat milk, meat and skin, followed by Africa. In contrast, and despite its small goat census, Europe is the main producer of goat cheese.
immune system has co-evolved with this parasite during millenia.
Toggenburg, Saanen, Boer, Anglo-Nubian, Alpine, Angora and West African Dwarf goats have reached intercontinental distribution because of their outstanding production performance (Fig. 4) . The genetic diversity of these breeds might have diminished because of intensive selection and artificial insemination (Taberlet et al. 2011) , but this is counteracted by a worldwide distribution of several independent gene pools. Other breeds, such as Maltese, Beetal, Kalahari Red, Cashmere and Murciano-Granadina, do not have worldwide distribution but are raised in at least three different countries and display promising productive potential. A third category of breeds has narrow local distribution and often small or declining population sizes. Several of these breeds, such as Arapawa, Bagot, Golden Guernsey, San Clemente and Mallorquina, have an endangered or even critical status. Finally, a fourth category encompasses goat populations that have escaped from captivity by becoming feral (Mason 1984) . During voyages of discovery, goats were often left on islands or in remote territories as a source of food. During the exploration of the Pacific in the late 18 th century, Captain Cook left goats in New Zealand and Hawaii, and the goats on the Ogasawara islands near Japan were abandoned in 1853 by Admiral Perry (Mason 1984) . Often, these feral goats thrived and propagated at the expense of local flora and fauna (Mason 1984 ).
Diversity of goat populations
A comprehensive and thorough description of the genetic diversity of goat breeds assessed with nuclear and mitochondrial markers has been recently reported by AjmoneMarsan et al. (2014) . Here, we will just focus on a reduced number of large-scale studies illustrating the main features of caprine variation around the world. Luikart et al. (2001) found a weak mtDNA population structure, which was interpreted to be the consequence of extensive ancient intercontinental transportation of goats. However, the low population structuring observed with mitochondrial markers might also be due in part to the predominance and worldwide distribution of lineage A ( Fig. 2 ; Naderi et al. 2008; Groeneveld et al. 2010; Ajmone-Marsan et al. 2014) . Moreover, the analysis of mitochondrial data from 20 goat populations with broad distribution showed the existence of a significant correlation between genetic and geographic distances (Pereira et al. 2009 ). This study also provided evidence about the maritime post-domestication diffusion of goats along the North African corridor as well as of the occurrence of gene flow between Iberian and African goats. The analysis of nuclear markers was consistent with the existence of a moderate but significant population structure Figure 4 Picture of the main goat transboundary breeds. (a) Saanen, dairy breed with a high milk production (~950 kg per lactation at 306 days), short and fine white hair and erect ears pointing forward (b) Toggenburg, dairy breed, brown coat (from dark chocolate to fawn) with white markings, medium weight (~55 kg in does), erect ears and short/medium fine hair; (c) Anglo-Nubian, dual purpose meat and milking breed (~500 kg milk per lactation), well adapted to hot climates, long lop ears, short and glossy hair with a broad variety of colours; (d) Alpine, dairy breed with short hair with variable colour patterns, erect ears, medium to large body size (~60 and 80 kg in does and bucks respectively), high milk production (~880 kg per lactation at 295 days); (e) Boer, meat breed with a fast growing rate (~200-270 g/day) and good carcass quality, large body size (~85-100 and 90-110 kg in mature does and bucks respectively) and white coat and red head; (f) Angora, woolish breed used to produce mohair fiber (commonly employed in the making of luxury dresses and garments), small to medium body size and weight (~35 kg in does, 50 kg in bucks), both sexes are horned (spiral horns in bucks); (g) West African Dwarf, trypanotolerant dual purpose meat and milking breed with extremely short legs, small body size and weight (~20 and 22 kg in does and bucks respectively), small well-shaped udder. Pictures (a) and (d) were provided by Capg enes (http://www.capgenes.com), pictures (b), (e), (f) and (g) were obtained from Wikimedia Commons (https://commons.wikimedia.org) and picture (c) was retrieved from Flickr (https://www.flickr.com/ photos/nostri-imago/3016084803).
study also identified runs of homozygosity as indicators of recent population history. Besides, genome-wide diversity studies detected geographic clustering also in 14 Italian goat breeds (Nicoloso et al. 2015) and differentiated between Angora goats from Australia, South Africa and France (Visser et al. 2016) . Y-chromosome markers also show clear geographic differentiation. The predominant haplotypes in Europe, North Africa and Near East are Y2A, Y1A and Y1B respectively, whereas in south-eastern Asia Y2A and Y1B have not been detected yet. A fourth haplotype, Y2B, was found to be specific to Asia (Pereira et al. 2009; Cinar Kul et al. 2015; Waki et al. 2015) . In Turkey, a fifth minor haplotype Y2C has been reported (Cinar Kul et al. 2015) .
For a long time, research on genotype-phenotype relationships in goats has lagged behind similar studies in cattle and sheep (Amills 2014) . As reported in the Online Mendelian Inheritance in Animals database (http://omia. angis.org.au/home), the number of Mendelian traits and causal mutations identified in goats (16 and 10 respectively) are much lower than those detected in cattle (238 and 140 respectively) and sheep (101 and 48 respectively). However, the introduction of the Goat SNP50 BeadChip now allows for the molecular characterization of several traits, including polledness in Boer, Cashmere and Rangeland goats (Kijas et al. 2013) , wattles (Reber et al. 2015) , undesired coat colour phenotypes in Saanen (Martin et al. 2016a) , supernumerary teats (Martin et al. 2016b) , heat adaptation and milk fat content (Martin et al. 2017) . Whole-genome sequences of 15 native goats and 11 crossbred Korean goats and selection analysis based on linkage disequilibrium (LD) and allele frequency spectrum statistics (Lee et al. 2016) identified several positively selected genes related to immunity (CLNK, HM13 and IGSF10) and neurological functions (ROBO1). It was also proposed that the CCR3 gene has an essential role in the natural resistance of Korean goats to lumbar paralysis (Lee et al. 2016) . In another study, Wang et al. (2016a) sequenced to a medium coverage goats from eight breeds with distinct geographic distributions and found 22 genomic regions that are possibly under selection for coat colour, body size, cashmere traits and high altitude adaptation.
Current molecular resources
The recent implementation of a Goat SNP50 BeadChip featuring 52 295 SNPs distributed across the whole caprine genome (Tosser-Klopp et al. 2014) , the availability of a caprine reference genome (Dong et al. 2013 ) and the development of relatively cheap and fast whole-genome and transcriptome sequencing methods are expected to provide unprecedented options for investigating origin, diversity and evolutionary relationships of goat breeds as well as for obtaining new insights into the structural and functional consequences of caprine genome variation. This is stimulated by large-scale research projects such as NextGen (http://nextgen.epfl.ch), which aims to identify genomic regions associated with adaptation and disease resistance in goats and sheep, and Adaptmap, focused on analysing the variation of 4000 goats typed with the Goat SNP50 BeadChip and representing 144 caprine breeds with worldwide distribution (http://www.goatada ptmap.org).
Most essential is the availability of a reference genome sequence of the domestic goat. A first assembly of a 2.66-Gb genome was produced in 2013 from a 3-year-old Yunnan black female goat (CHIR_1.0; Dong et al. 2013 ; https:// www.ncbi.nlm.nih.gov/assembly/GCF_000317765.1). A combination of short Illumina reads and optical mapping data yielded 65.6-fold coverage and a contig N50 size of 18.9 kb but contained several gaps (Reber et al. 2015; Martin et al. 2017) .
In 2015, this assembly was improved by the same authors with the release of CHIR_2.0 with175-fold coverage of 2.8 Gb of sequence and a contig N50 size of 73.5 kb. However, Seemann et al. (2015) highlighted the need to improve the quality of the goat genome and the assemblies currently available for other domestic animals as well.
Very recently, another assembly (ARS1) of a male San Clemente goat selected for its high homozygosity rate was built based on an advanced combination of single-molecule PacBioRSII sequencing for generating long reads of tens of kb, short Illumina reads for consensus validation and optical chromatin interaction mapping for scaffolding (Bickhart et al. 2017) . This resulted in a 2.9-Gb sequence with a contig N50 size of 18.9 Mb (https://www.ncbi.nlm. nih.gov/assembly/GCF001704415.1). Bickhart et al. (2017) also improved CHIR_1.0 annotation by combining RNA-Seq data generated for six tissues from the San Clemente goat animal and for 13 tissues from publically available datasets with protein and cDNA alignments from other mammalian species. The high quality of the ARS1 assembly approaches the quality of the human and mouse assemblies, paving the way for improving genome assemblies in other domestic species (Worley K., personal communication).
A next step will be extensive annotation by the Ensembl staff (http://www.ensembl.org), which is planned for summer 2017 (Aken B., personal communication). Such an achievement will also enable comparative genomics, especially for the cattle, sheep and goat, which descend from a common ancestor 13.14-27.99 Ma (Gu et al. 2007) .
It is worth noting that chromosome-scale scaffolds were not assembled for the Y chromosome. As indicated by Skinner et al. (2016) , the hemizygous nature of the Y chromosome in mammals and the suppression of recombination, which enhances the accumulation of ampliconic and repetitive sequences that are difficult to assemble, require a specific experimental approach, which has been carried out only in a few species (human, chimpanzee, rhesus macaque, wallaby, mouse, marmoset, rat, and opossum, cattle, horse, cat and dog).
In addition to Capra hircus assemblies, Capra aegagrus wild ancestor assemblies have been generated from two different animals sampled in Iran. Caeg1 has been assembled into scaffolds (Ian Streeter, NextGen Consortium; https://www. ncbi.nlm.nih.gov/assembly/GCA000765075.1), whereas the scaffolds of CapAeg_1.0 (https://www.ncbi.nlm.nih. gov/assembly/GCA000978405.1) have been assembled into pseudo-chromosomes using the domestic goat assembly as well as the Btau_4.6.1 bovine Y chromosome (Dong et al. 2015) . These genomes are valuable resources for identifying ancestral alleles and also provide a first insight into the consequences of domestication on goat genome variation. A comparison of copy number variants (CNVs) and rapidly evolving genes in the wild and the domesticated goat assemblies (Dong et al. 2015) identified several candidate genes implicated in behaviour, health and production traits. It was also suggested that coat colour evolution may be driven by genes located in CNV regions.
All this illustrates that understanding speciation, domestication, adaptation and selection processes will be facilitated by the broad use of whole-genome resequencing data, thus providing an exhaustive view of genome diversity and structure. Sequencing of the first 234 animals from the 1000 Bull Genomes Project (Daetwyler et al. 2014 ) has already allowed for advances towards achieving two fundamental goals: (i) building a database of sequence variants of individuals identified as key ancestors, thus making it possible to impute these variants into animals that have been genotyped with medium-or high-density chips and to map QTL with a high resolution (Pausch et al. 2016) , and (ii) identifying mutations that compromise animal health, welfare and productivity through the identification of causal variants. Boitard et al. (2016) highlighted in a cattle dataset for which sequencing data allows for both a higher power and better precision in the detection of selection signatures than do medium-or even high-density chips. At the same time, causal mutations within the sequences can be pinpointed more easily. A 1000 genome initiative was also started in sheep (http://www.sheephapmap.org/refgenome.php) and, more recently, in goats (http://www.goatgenome.org/ vargoats.html). The VarGoats project aims at (i) comparing several domestic breeds adapted to various environments or selected for diverse production traits to understand the impact of such selective drivers on genomic variation, (ii) surveying deleterious functional mutations in extant domestic breeds and (iii) detecting structural variation (CNVs, inversions etc.) and their potential contribution to phenotypes. Benjelloun et al. (2015a) already has studied genomic diversity and selection signatures in indigenous populations of Moroccan domestic goats using wholegenome sequencing data from 44 individuals, providing insights into the genetic diversity of goats in a country where gene flow has been intense on a countrywide scale.
Next-generation sequencing platforms have also been used for RNA-Seq studies in goats, related either to specific production traits or to animal health. For example, Gao et al. (2016) identified differentially expressed genes in an experiment comparing several developmental stages of foetal skin samples of Cashmere goats and proposed a number of key regulators and pathways leading to fibre quality and production. Characterization of miRNAs has been carried out in a variety of tissues, such as mammary gland (Mobuchon et al. 2015a; Chen et al. 2016a,b) , testis (Wu et al. 2014) , ovary (Zhu et al. 2016 ) and skin and hair follicles (Dong et al. 2013; Zhang et al. 2014; Gao et al. 2016; Li et al. 2016) . Most of these studies mentioned the difficulties of predicting and annotating caprine miRNAs as well as the benefits of using annotation data from better characterized mammalian species such as cattle or mouse (Liu et al. 2012; Mobuchon et al. 2015b) .
Pitfalls and perspectives
A complementary benefit of both whole-genome sequencing and RNA-Seq experiments is the generation of SNP panels to validate parent-offspring identification (Talenti et al. 2016) or to assign sire paternities a posteriori, thus facilitating natural matings and genetic management (Raoul et al. 2016) . It should be taken into account, however, that the Goat SNP50 BeadChip suffers from ascertainment bias by the selection of SNPs found in 23 Saanen, seven Alpine and three Creole goats (Tosser-Klopp et al. 2014) , which distorts estimates of genetic diversity parameters. Benjelloun (2015b) suggested that this problem may be alleviated by using low-density (5K, 10K) panels of SNP variants chosen at random.
Elucidating how genetic diversity modulates phenotypic variation is one of the main challenges in the field of genetics. However, the usefulness of high quality goat reference genomes depends critically on an accurate annotation of their functional elements. Results obtained in the Encode project indicate that at least 80% of the human genome is functional with 'RNA elements' the broadest functional category (ENCODE Project Consortium 2012). In the human genome, Iyer et al. (2015) have characterized as many as 58 848 long non-coding RNAs (lncRNAs), of which 79% were unannotated. Adequate functional characterization of functional elements in livestock species will be a daunting task, particularly for lncRNAs that show a poor evolutionary conservation (Weikard et al., 2017) . Our knowledge about the goat epigenome is also very limited (Yang et al. 2016) . Recently, the Functional Annotation of Animal Genomes (FAANG) project was launched and will target the mapping of functional elements in the genomes of multiple domestic species, including goats (The FAANG Consortium et al. 2015) .
Though discovery of millions of SNPs is straightforward, the identification of CNVs and indels is not (Abel & Duncavage 2013) . Structural variation can be either conservative (inversions and translocations) or non-conservative (deletions and duplications). Inversions and translocations can be identified via discordant paired reads, but this has low resolution and often suffers from high falsepositive rates. The detection of large duplications relies critically on single reads or read pairs spanning the whole insertion. Detection of small indels has low specificity, whereas medium-sized indels are difficult to detect by most methods. In addition, indel detection software tends to identify deletions over insertions due to mappability issues (Abel & Duncavage 2013) . Estimation of copy number from SNP array data is also challenging (Clop et al. 2012 ). The development of highly accurate single-molecule sequencing methods may overcome many of these problems, thus facilitating the identification of structural variation in goats as a first step towards elucidating its functional effects.
Understanding the genetic basis of traits of economic interest is a fundamental goal in animal genetics. Genomewide association analysis is now the most common method for the localization of causal mutations. However, for goats, detection of alleles with small and even moderate phenotypic effects is hindered by the small size of the analysed caprine populations (hundreds or a few thousands of individuals) and the low density of the Goat SNP50 BeadChip. Meta-analysis of multiple goat populations with similar phenotypic records and their genotyping by lowcoverage sequencing may be a useful strategy for increasing the statistical power needed to identify alleles with small effects, a feature that probably is applicable to the majority of the phenotypic variation of traits of economic interest in goats and other species.
Another growing area of research deals with the impact of microbiome composition on animal physiology as well as on traits of economic interest (e.g. feed efficiency and resistance to disease). Gastrointestinal commensal bacteria play an essential role not only in food digestion and metabolism but also in the regulation of immunity (Hanning & D ıaz-S anchez 2015) . Rumen microbes are particularly important because of their digestion of cellulose generates volatile fatty acids, which are a source of energy for ruminants (Henderson et al. 2015) . In goats, the effects of a high concentration diet (Hua et al. 2017) , non-fibre carbohydrates (Shen et al. 2016) , n-6:n-3 fatty acids ratios (Ebrahimi et al. 2017) and the age and feeding system (Jiao et al. 2016 ) on ruminal microbiota have been studied. In contrast, the influence of the microbiome on mammary gland physiology and milk composition has been characterized less well, although mastitis is one of the main factors determining the involuntary culling of dairy goats. In addition, milk bacteria can affect the fermentation properties and susceptibility to spoilage of milk and its derived products, with possible consequences on the consumers' health (Quigley et al. 2013) . McInnis et al. (2015) demonstrated that, in goat, milk bacterial composition changes significantly at the end of lactation. It would be interesting to investigate how bacteria and mould biodiversity affects milk ripening and the organoleptic and technological properties of cheese, yoghourt and other dairy products. Metagenomics may be also a valuable tool for monitoring antimicrobial resistance in goats, an issue of increasing concern because it may precede the emergence of intractable infectious outbreaks.
In a new emerging field, the Goat SNP50 BeadChip is used for genomic selection in France (Carillier et al. 2014) and in the United Kingdom (Mucha et al. 2015) and for predicting major gene (a S1 -casein, diacylglycerol O-acyltransferase 1 and others) genotypes (Carillier-Jacquin et al. 2016) . However, the potential benefits of implementing genomic selection schemes in goats are currently a matter of debate. Genomic best linear unbiased prediction (GBLUP) has resulted in higher accuracies of estimated breeding values of bucks and goats than has pedigree-based BLUP, though these gains might be almost negligible (Rupp et al. 2016 ). The main obstacles to the implementation of genomic selection in goats are (i) the costs of genotyping in relation to the economic value of the animals, (ii) the small size of reference populations (2400 and 2700 in the UK and France respectively), (iii) the short generation intervals in meat goat breeds and (iv) a relatively low magnitude of LD of markers and traits. The gain in genomic estimated breeding value accuracy in the French and UK dairy goat populations were approximately 0.06 for milk yield and 0.14 for fat and protein contents, values that are lower than those obtained in Holstein cattle probably because of the low LD in goats (Rupp et al. 2016) . Given the small size of the reference populations in goats, the best approach for implementing genomic selection, if economically feasible, would be the single-step procedure (Rupp et al. 2016) , by which pedigree and genomic relationships are combined into matrix H to be used in BLUP (Misztal et al. 2013 ). The inclusion of genotypic information from major genes, such as the a S1 -casein locus, may help to improve the accuracy of genomic evaluations in goats (Carillier-Jacquin et al. 2016) . Moreover, molecular data may be used to obtain more complete and accurate pedigrees, a fundamental requirement for increasing the rate of genetic gain in selection programmes (Rupp et al. 2016) .
Last but not least, the recent engineering of RNA-guided nucleases, such as the CRISPR/Cas9 system, which allow the targeted editing of specific genomic sites is expected to revolutionize animal breeding. Genome editing could be applied, for instance, to improve the health and welfare of livestock. Cows that are resistant to Mannheimia haemolytica toxemia have already been produced by replacing glutamine with glycine at position -5 (signal peptide) of the bovine CD18 molecule (Shanthalingam et al. 2016) . Changes introduced by genome editing in germline cells or zygotes are heritable, but it can take many generations of editing to fix the favourable allele in livestock populations (Gonen et al. 2017) . In goats, genome editing has been used to knock down the FGF5 gene (Wang et al. 2016b) , which induced and increased fibre growth; myostatin (Guo et al. 2016) , with the aim of augmenting muscularity; and b-lactoglobulin (Ge et al. 2016 ), a milk protein that can trigger allergic reactions. In the public opinion, genome editing may become more acceptable than transgenesis because its final output, an allele with positive consequences on animal health and/or performance, can also be obtained by traditional selection methods (Bruce 2017 ).
Conclusions
The invention of next-generation sequencing and high throughput genotyping techniques has fuelled, during the last decade, the enormous progress of caprine genomics. Sequencing of the goat genome and the implementation of the Goat SNP50 BeadChip are essential milestones in the ambitious quest to elucidate the genomic architecture of caprine production traits as well as to disentangle the complex set of evolutionary events that led to goat domestication and breed development. Despite these advancements, many challenges still remain ahead with the characterization of the structural and functional elements of the goat genome as the most critical and demanding task that goat geneticists will need to undertake in the times to come.
